Abstract: Physalis angulata L. is a medicinal plant of the Solanaceae family, which is used to produce a variety of steroids. The present study reports on the cytotoxic withanolides of this plant. The species of Physalis angulata L. was identified by DNA barcoding techniques. Two new withanolides (1-2), together with six known analogues (3-8), were isolated from the whole plant of Physalis angulata L. The structures of these new compounds were determined on the basis of extensive spectroscopic data analyses and electronic circular dichroism (ECD) calculations. The withanolides exhibited strong cytotoxic activities against A549, Hela and p388 cell lines. Furthermore, compounds 1 and 2 induced typical apoptotic cell death in A549 cell line according to the evaluation of the apoptosis-inducing activity by flow cytometric analysis.
Introduction
Physalis angulata L. belongs to the family of Solanaceae, which is frequently used as traditional medicine in China. It generally grows in valleys or country roadsides at an altitude of 500-5000 m [1] . The whole herb of Physalis angulata L. has been widely used to relieve inflammatory conditions, diabetes, anemia and cancer [2] . Its main constituents include withanolides, terpenoids, carotenoids, flavonoids and polysaccharides [3] . The medicinal plants of the genus Physalis are known to produce withanolides, which structurally have an ergostane skeleton [4] . Most withanolides are polyoxygenated and their structures can be divided into two types of δ-lactone/lactol and γ-lactone/lactol based on the differences between their substituted groups at C-17 side chain. Most withanolides isolated from the genus Physalis belong to the δ-lactone/lactol type, which have different modified skeletons, such as physalins, neophysalins and withaphysalins. These modified withanolides have the characteristic groups of 5β,6β-epoxides, 5-ene withanolides and 6α,7α-epoxides [1] . More than 100 withanolides containing the modified skeletons were isolated from P. alkengi, P. pubescens and P. angulata. [5] [6] [7] . Withanolides have multiple pharmacological effects, such as anti-tumor, anti-stress, immunosuppressive, anti-microbial and anti-inflammatory activities. Many significant pharmacological studies focusing on Molecules 2019, 24, 1608 2 of 9 the active withanolides from Physalis species have been reported, such as P. alkekengi [5] , P. angulata [8] , P. minima [9] and P. pubescens [10] . In our study that focused on the discovery of antitumor agents from the genus Physalis, we investigated the medicinal plant of Physalis angulata. Previous studies on this plant demonstrated that its CH 2 Cl 2 extract possessed cytotoxic activity against A549 (human non-small cell lung cancer cell lines; IC 50 value: 22.4 µg/mL). Further bioactivity-guided fractionation of the CH 2 Cl 2 -soluble layer led to the isolation and identification of two new withanolides (1-2) and six known analogues of physagulin F (3) [11] , physagulin K (4) [12] , Physalin B (5) [13] , Physalin F (6) [14] , Physalin H (7) [15] and 5α-ethoxy-6β-hydroxy-5,6-dihydrophysalin B (8) [16] (Figure 1 ). Compounds 1-8 have different modified skeletons of δ-lactone/lactol type, among which 1-4 belong to physalin and 5-8 belong to withaphysalins. Both types are common and widely found in the genus Physalis. The cytotoxic activities for all the withanolides against A549, Hela (human cervical cancer cell lines) and p388 (human leukemia cell lines) cell lines were evaluated using the MTT assay. Further studies showed that 1 and 2 induced cell apoptosis in A549 cell lines in a dose-dependent manner. The known compounds were identified by the comparison of spectroscopic data with those reported.
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Results and Discussion

Structure Elucidation of Compounds 1-2
The molecular formula of compound 1 was determined to be C28H34O9 by HR-ESIMS. The analysis of the 1 H-NMR data in conjunction with the HSQC spectrum revealed the presence of two oxygenated methines, an oxygenated methylene, three olefinic protons, six alphatic methylenes, three alphatic methines and three singlet methyls (Table 1 , Figures S1-S6 ). The whole characteristic data of 1 H-and 13 C-NMR indicated that 1 was a 13, 14-seco-withanolide analogue of minisecolide C [17] . The olefinic proton signals at δH 5.65 (1H, dt, J = 9.4, 4.0 Hz), 6.08 (1H, d, J = 9.4 Hz) and 5.69 (1H, dd, J = 5.2, 2.2 Hz) in the 1 H-NMR, combined with the HMBC correlations from H-4 to C-2, C-3, C-6 and C-10 as well as from H-6 to C-5 and C-10, indicated that conjugated double bonds existed between C-3 and C-6. The comparison of the 13 C-NMR data of 1 with minisecolide C implied differences in rings C and D. The HMBC correlations ( Figure 2 ) from H-8 to C-14 as well as from H-15 to C-13, C-14 and C-16 suggested the presence of a hemiketal group at C-14 and a hydroxyl group at C-15, which also confirmed the presence of an epoxy bridge at C-13 and C-14. Further evidence in the HMBC correlations from H-28 to C-23, C-24 and C-25 indicated a primary hydroxyl group at C-28 instead of 
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Structure Elucidation of Compounds 1-2
The molecular formula of compound 1 was determined to be C 28 H 34 O 9 by HR-ESIMS. The analysis of the 1 H-NMR data in conjunction with the HSQC spectrum revealed the presence of two oxygenated methines, an oxygenated methylene, three olefinic protons, six alphatic methylenes, three alphatic methines and three singlet methyls (Table 1 , Figures S1-S6 ). The whole characteristic data of 1 Hand 13 C-NMR indicated that 1 was a 13, 14-seco-withanolide analogue of minisecolide C [17] . The olefinic proton signals at δ H 5.65 (1H, dt, J = 9.4, 4.0 Hz), 6.08 (1H, d, J = 9.4 Hz) and 5.69 (1H, dd, J = 5.2, 2.2 Hz) in the 1 H-NMR, combined with the HMBC correlations from H-4 to C-2, C-3, C-6 and C-10 as well as from H-6 to C-5 and C-10, indicated that conjugated double bonds existed between C-3 and C-6. The comparison of the 13 C-NMR data of 1 with minisecolide C implied differences in rings C and D. The HMBC correlations ( Figure 2 ) from H-8 to C-14 as well as from H-15 to C-13, C-14 and C-16 suggested the presence of a hemiketal group at C-14 and a hydroxyl group at C-15, which also confirmed the presence of an epoxy bridge at C-13 and C-14. Further evidence in the HMBC correlations from H-28 to C-23, C-24 and C-25 indicated a primary hydroxyl group at C-28 instead of a methyl group. The relative configuration of 1 was determined by the NOESY spectrum ( Figure 2 ). The NOESY correlations of H-15/H-17 suggested a β-orientation of OH-15. The (R)-configuration at C-22 was confirmed by the positive Cotton effect at 250 nm in the ECD spectrum ( Figure 3) . The ECD data elucidated that the boat conformation for ring A was more stable when it was in the tetracyclic structures. Thus, the structure of 1 was defined as (22R)-13,14-epoxy-14,15,28-trihydroxy-1-oxo-13,14-secowitha-3,5,24-trien-18,20:22,26-diolide. Molecules (Figure 1) , which was similar to withanolide D [18] and physagulide P [19] . The HMBC correlations (Figure 2 ) from H-6 (δ .52] replaced these positions in 2, which was confirmed subsequently by HMBC correlations from H 2 -2 to C-4, from H 2 -3 to C-1 as well as from H-4 to C-5 and C-6. The β-orientation of the 5,6-epoxide was deduced by the NOESY correlations between H-6 and H-4α (δ H 1.90). The experimental ECD curve of 2 was similar to the computed curves of 2a (Figure 3) . A negative Cotton effect was found at 294.5 nm, which confirmed the cis-linkage of A and B rings and the boat conformation of A ring in 2. The absolute configurations shown in 2 were used as the input configuration of theoretical calculations [21] . By comparing the calculated and experimental ECD spectra, the configuration of 2 was established. Therefore, compound 2 was identified as (17S,20R,22R)-5β,6β-epoxy-18,20-dihydroxy-1-oxowitha-24-enolide.
Cytotoxicities and Cell Apoptosis
All withanolides were evaluated for their cytotoxicity against p388, Hela and A549 human carcinoma cells using the MTT assay. Most compounds exhibited strong cytotoxicity against the tumor cell lines [15, 22] (Table 2) . Compounds 1 and 2 were further evaluated for their effect on cell apoptosis in A549 cells at three different concentrations for 24 h. The results were analyzed by flow cytometry and demonstrated that the total apoptotic cell population induced by 49.2% at 10.0 µM for 1 while this was 46.6% at 20.0 µM for 2. This implied that the two compounds induced A549 cell apoptosis in a dose-dependent manner (Figure 4) . tumor cell lines [15, 22] (Table 2) . (Figure 4) . 
Identification of Physalis Angulata L. by DNA Barcoding Techniques
The identification of the plant was carried out via DNA barcoding techniques [23] . The sample included the whole plant that was dried, which was collected in Hainan province. The PCR results indicated that the ITS2 regions were amplified by the universal primers ITS2F/ITS3R. Based on the ITS2 online database, the ITS2 sequences (with a length of 215 bp) could successfully identify a plant sample at the genus level. The results confirmed that the plant sample had an identity that was 99% similar to Physalis angulata L.
Materials and Methods
General Experimental Procedures
The optical rotations were measured with a Perkin-Elmer 241 polarimeter. The UV spectra were conducted on a Shimadzu UV-2201 spectrometer. ECD spectra were recorded on a JASCO J-815 spectrometer. NMR spectra were recorded on a Bruker ARX-600 spectrometer (600 MHz, Bruker Co., Ltd, Karlsruhe, Germany). LC-MS data were obtained using LTQ Orbitrap velospro (Thermo Fisher Scientific Co., Ltd., Bremen, Germany). High performance liquid chromatography (HPLC) was performed on Agilent 1260 pump (Agilent Technologies Co., Ltd., Palo Alto, CA, USA), coupled with Agilent analytical, semi-preparative or preparative Kromasil Eternity XT-5-C18 columns (250 mm × 4.6 mm and 250 mm × 10 mm, respectively), Kromasil Eternity XT-5-PhenylHexyl columns (250 mm × 4.6 mm and 250 mm × 10 mm, respectively) and Cosmosil 5C18-MSII (250 mm × 4.6 mm and 250 mm × 20 mm, respectively). TLC and preparative TLC were monitored on precoated silica gel plates (GF254, Qingdao Haiyang Chemical Co., Ltd., Qingdao, China). Column chromatography was performed on Silica gel (200−300 mesh, Qingdao Marine Chemical Ltd., Qingdao, China) and Sephadex LH-20 (Pharmacia Fine Chemical Co., Ltd., Uppsala, Sweden).
Extraction and Isolation
The air-dried entire plant of P. angulata L. (6.2 kg) was crushed and extracted with ethanol/water under reflux (95:5, 3 times, for 2 h). The solvent was evaporated under a vacuum and the resulting extract was partitioned by CH 2 Cl 2 , EtOAc and n-BuOH, respectively. After this, the concentrated layer of CH 2 Cl 2 (194 g) was chromatographed on a silica gel column using a gradient of CH 2 Cl 2 -MeOH (100:1 to 0:100), which yielded seven fractions (Fr. 
ECD Calculations
First, a systematic conformational analysis was performed to find all possible conformers within a 3 kcal/mol energy window in the MMFF94 force field. The obtained conformers were further optimized and identified as the stable conformers at the B3LYP/6-31G (d) level by the Gaussian 09 program. The main conformers (Boltzmann distribution > 1%) of compound 1 were chosen for ECD calculations. All quantum computations are performed on an IBM cluster machine located at the High Performance Computing Center of Peking Union Medical College. The lowest 120 electronic excitations were calculated and the energies, oscillator strengths and rotational strengths (velocity) of each electronic excitation were subsequently obtained. After this, ECD spectra were simulated with a half-bandwidth of 0.40 eV.
Cell Culture
The human carcinoma cell lines (Hela, p388 and A549) were obtained from National infrastructure of cell line resource. The cells were maintained in DMEM containing 10% Fetal Bovine Serum (FBS) and 0.4% Penicillin-Streptomycin Solution (100×) at 37 • C under 5% CO 2 .
